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RESULTS OF PHASE CHANGE PAINT TESTS OP 
O.OUO SCALE 50 % FOREBODY MODELS (82-0) 

OF THE SPACE SHUTTLE ORBl'TER IN THE 
AEDC VKP B HYPERSONIC WIND TUNNEL (0HT5) 

W. H. Dye 

Rockwell International Space Division 
ABSTRACT 

This report presents post-test information and data from phase 
change paint, Asrodynemic heating wind onnel tests of a Rockwell 
International Space Shuttle Orblter forebody model. These tests were 
conducted in the Arnold Engineering and Development Center von Karman 
Facility Tunnel B Hypersonic Wind Tunnel. 

The purpose of these tests was to determine the effect of simulated 
orblter protuberanceii and penetrations (including RCS nozzles) on aero- 
dynamic heating rates during simulated entry conditions. 
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NOMENCLATURE 
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. I 
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PLOT 

SYMBOL SYMBOL 
Cp C 

g 

h H(TO) 

H(.9T0) 
H(riowTO) 
hfl HREF 

M.. MACH NO. 

Nj. R 

P-INP 

Pr 

Po PO 

P1.P2 

4o Q-INP 

R 

Re/ft RE/PT 

R0LL~M0DEL 
ST ST(TO) 

*‘low 


DEFINITION 

specific heat of the model material - BTU/lb-®F 

acceleration due to gravity, 32.17 ft/sec^ 

heat transfer coefficient based on T^w ® Tq 

heat transfer coefficient based on T^i^y = 0.9 Tq 

heat transfer coefficient based on - rigw * '^o 

reference heat-transfer coefficient based on Fay- 
Riddell Theory, BTU/ft^ -sec . -°R 

free stream Mach no. 

reference sphere radius used to calculate hg 
(O.Ol* ft) 

free stream static pressure, psla 
Prandtl number 

tunnel stilling chamber pressure, psia 
defined in context 
free-stream dynamic pressure, psia 
universal gas constant, ft-lbf/lbjn-®R 
free stream unit Reynolds number, ft~^ 
model roll angle-deg. 

Stanton number based on T^: 

ST^TO) ■ 

' ’ p,vj.2235 + 1.35xlO-^(To + 560)] x 32.17 

minimum recovery factor used in data reduction; 
function of angle of attack; r is non-dimensional 
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smoL 

ioaoL 

LBFUITIOl 


8IHEF 

roforenoe Stanton nooibert 


2 . 

pJJV 2^35 +T35*10-*»iT^ + 560)1x32.17 



adiabatic vail tanpezolare, **P 

* 

fBAR 

V - *» 

*tv - *a 



initial nodal tenqpazatttra> *F 

Too 

T-ZMT 

tr— stream static toB(peraturs-'R 

®PO 

tPC 

paint malt taapexatursi *7 

Vo 

SD 

tunnel stilling cbamber tenverature, *R 

t 

tmi 

tine fxoB start of nodal injection, son. 


JML zmi 

tine model exposed to alrstkoem, see* 

Ve 

1 


Yoloeity at edge of the boandai 7 Xaper, ft/see. 

▼so 

▼-a? 

free strean Telocity, ft/sec. 

a 

Aunu-NOEBL 

nodal angle of attack, deg. 


joswi^mnsm 

sting psebend angle, deg. 


ALP1U-81010R 

tunnel sector pitch angle -deg. 


lAV 

model yav angle 

t 


ratio of specific heats of air 

k 

K 

nodal themoeonduetivity, BIU/ft-sec-*7 

/J 


negative nodal yaw (positive sideslip) 
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naf 

snaoL jgmiTi oH 

M9»Hr tv— •trwuB Tlseoiitjr, lb-f«e/ft^ 

p 

•tagaatlon *lr vlsooslty, lb-8«e/ffc 
•ir vlsooalty ftloog model veil (Ib^/ft'iee) 
BBO eodel aeterlel deo8lty>ll3^/ft^ 

elr deneity eloag eodel vell-lbg^/ft^ 
■tegnetlon elr deaelty Ib^^/ft^ 

Rao-ZV tr— etreea elr denel'^i elng/ft^ 



HJTRODUCTION 


Aerodyneu&le heating phase change paint tests vere conducted :>d a 
.OUO scale Bockvell International Speuse Shuttle Orbit er fc--” > '1 

These teats vere conducted in the AEDC VKF B hypersonic Wii ; j.. 

Sept. 1, 1975. 

The purpose of these tests weis to detenni; e th-^ effects of simulated 
RCS nozzles, protuberances, and penetrations on aerodynamic heating rates 
during simulated entry conditions. The model vas tested from 20^ through 
^♦5® angle of attack at 0® and -1® angle of sideslip. All the above atti- 
tudes vere tested at a nominal Mach number of 8. Reynolds nrmber vas 
varied from 0.5 x 10^/ ft through 2.0 x 10^/ft. 
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coaFiauRAxzoHs imsfuiamD 


!Rt« oodals vere 0.040 seale r^resentations of the forward 50 j 6 of 
tlM Boekirall Dataniational l^ee Shuttle Orblter aa defined by Rockwell 
Haas VLTD-OOOlAOO. The Rockwall modal designation was 82-0. The 
Bodala vara east in ona place using Lockheed proprietary material "LH" 
on a ataal atlng. Thera vara no movable or removable model parts. 
Nodala uaad for thla teat vara the 62-1 (paint stripe model) and 82-4 
(pxotttbaranoa modal). The ’’smooth" nodal was the 82-4 with filled 
RGB Bossies and panatrations. Figoras 2a and 2b illustrate the 
protuibaraneas and panatrations simulated on tba modal. 
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O ®e8t faciutt description 

Tht Arnold Inglnooring Dovtlopment Center (AEDC) Is an Air Force 
FaoiU^ located in Tallahoma, Tennessee* nie tunnel used. Tunnel B, is 
located in the ton Xaman Facility portion of this center. Engineering 
and other teehnieal operations in this tunnel are performed hy contractor 
personnel of ARO> Ino. 

Tunnel B is a continuous, closed circuit, variable density vind 
tunnel with an axisyaMtrlc contoured nozzle and a ^O^'inch diameter tert 
section. The tunnel can be operated at a nominal Nsch nuMfwer of 6 or 6 
at stafnation pressures from 20 to 300 and 50 to 900 psia, respectively, 
and at a stagnation temperature of tv to 1350*’R. The moiel may be in- 
jected into the tunnel for a test run and then retracted for model cooling 
or model changes without interrupting the tunnel flow. 






TEST FBOGEDOBB 


a ftwlbla coating that changes phase from an opaque solid 
to a traasparent liquid at tenqperatures specified by the manufacturer, was 
used to indicate the location of Isc herms on the model surface. The 
paints naed had nelting teaveratures of 113 , 125, 131, 150 ^ and 175 °F- 

Beattia-Colesuin Varitron ^ 70 mm sequence cameras were used to record 
the progreesion of isotherms on the windward surfaces, as a function of 
tisM, daring each test run. The cameras were located on the top and sid« 
wind tunnel and photographed the left side and bottom surfaces of 
the otbiter nodels. The cameras were operated at a nte of 1 

fnae/eec. Kodak IRI-X Fa^ blaok-and-^hite film was used. 

IkMl television nonltors were used throughout the test to facilitate 
on-line cross-referencing. 

Prior Moh toot map tho nodol oas cleaned with a oolventp spray- 
painted vith the phase-change coating p and allowed to reach isothermal 
conditions e fhe nodal was then Injected into the wind tunnel for about 
30 seconds p during which tine the prcgreasion of the isotherms p indi cared 
the denarcation between nelted and unnelted coating p was continuously 
j^tographed* fhe model was then retracted from the wind tunnel and the 
cycle repeated for the next run* The model temperature was measured 
prior to each run using a thermocouple probe* 
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Thin film heat transfer coefficients were calculated for each melt 
line at vhich photographs were taken. The coefficients were calculated 
assuming three different recovery factors. 

'»’o 

Tlie following calculai.ions were then perforned t- obtain thin f.l;n 


.•Off fici.'iitn: 


Toy " Tjjl 


Hl22Lh ’^0 


both: V 

where the flow parameter p results from iterative solution of: 

1 - T » e^* (1 - erf 0 ) 

Theoretical thin film heat transfer coefficients and stagnation 

point heating* rates were calculated using the equations given below: 

he - (.768)(Cp)(Pr)-^(Pv*'w)*^(Ps"s)'t^ 

Idx 


where 


Pj. ■ (/I, Cp and k for air) 

dVe ^ She streamwise velocity gradient 
dx along the model surface 

fr ■ «« *0 o - 

Nj. - 5ose radius, 0.0175 foot radius (l foot full scale) 
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DATA RBEUCnoN (Concluded) 


1 ■ Moo’J 


(y - 1)) 

Melt lines are shown on selected photographs taken during the test 
end are presented at the hack of this report. The melt line on each 
photograph shows isotherms. Thin film coefficients and free stream 
data corresponding to the Isotherms are presented in Table Vf. 

The photographs are presented to provide qualitatiwe data showing 
effects of the protuberances and depressions. 








RESULTS AND DISCUSSION 

Uncertainties of the basic tunnel parameters were estimated from re- 
peat calibrations of the PO and TO instruments and from the repeatability 
and uniformity of the tunnel flow during calibrations. The parameters PO, 
TO) and MACH NO* with their uncertainties were then used to compute the 
uncertainties in the other parameters dependent on these by means of the 
Taylor series method of error propagation* 

Uncertainty, percent 

MACH MO* PO TO RE/FT HREF 

+0*4 +0.1 +0.4 +1.2 0.8 

An estimate of the data precision of phase change paint data is 
hampered by the fact that an observer must determine the location of the 
melt line. For this analysis, only uncertainties attributable to the 
measured parameters aire considered. The parameters needed for the 
solution of the equation for the heat-transfer coefficient, h, are Tp^,, 
^IN» ^nw» and dt. The table below sximmarlzes the nominal 

uncertainties in these specific parameters. 

Parameter Uncertainty (+) 


dt 

+ 1.0 

\/ p4Cp 

+10.0 

'^IN 

+ 0.5 

^0 (^aw) 

+ 0.5 

Tp<* 

+ 0.5 


lA 
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RESUI/rS AIID DISCUSSION (Concluded) 


It should be remembered that the above uncertainties in and Tpc 
only reflect nominal measurement uncertainties. As previously mentioned, 
the interpretation of when phase change occurs (i.e., Tp^) is a matter of 
observer experience^ and the "coirect" assumption of what should be used 
for Taw also requires engineering Judgment. However, combining the above 
measurement uncertainties with the corresponding error sensitivity factor 
(derived by using the equation for the heat •transfer coefficient, h, and 
taking the square root of the sum of the squares) yields the following: 

T„ < 200®F, h uncertainty ~+ 13 percent 
pc — 

for TpQ > 200®P, h uncertainty ^+11 percent. 





n 
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TABLE I 

MOSEL MATERIAL IROIERTIES 


tbifbUturb at 

VHICH BBOFERTIX5 
WEB8 EyALSAaED. ^ 



95-5 

101.5 
1(A.5 
Hk.O 

125.5 


0.0478 

0.0481 

0.0483 

0.0487 

0.0493 




The Bodel material properties were evaluated at a tea^rature equal 
to the average of the Initial and phase-change paint temperatures. 




TAHLii II 


TEST SUMMARY 


Re/ft 

X 10“® 

in:!! 


0.5 


1.0 


2.0 


NOISL 


PAiar 

SMOOTH 

PROTUBERAI^CE 

ALFIA 

TAW 

MEI/P 

MODEL 

MODEL 

LdagL 

(deg) 

TEMP (®P) 

GROUP HO. 

GROUP HO. 

30 

0 

113 

42 

39 

35 

0 

125 

43 

40 

35 

1.0 

125 

44 

4l 

UO 

0 

113 

11 

8 

4o 

1.0 

113 

10 

9 

20 

0 

131 

34 

27 

25 

0 

113 

33 

28 

30 

0 

113 

32 

29 

30 

1.0 

125 

35 

38 

35 

0 

113 

31 

30 

35 

1.0 

125 

36 

37 

ko 

0 

113 

12 

4 

ko 

0 

125 


6 

k5 

0 

113 

13 

5 

k5 

0 

125 

M tm 

7 

20 

0 

131 

16 

0m mm 

20 

0 

175 

18 

25 

25 

0 

131 

19 

22 

25 

0 

175 

17 

-- 

30 

0 

131 

20 

23 

35 

0 

131 

21 

26 

ko 

0 

131 

14 

1 

k5 

0 

131 

15 

2 

^5 

0 

150 

• • 

3 


Data Group 2k luid no computer data. 


This group number was then voided. 
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TABLE m 

Nom DDflEMSIOlAL BATA 

MOm OOMPOIBIP: ~ ^ 

n—CTAt. peflrPTP fioft 50^ orblter forebody, vehicle iHOC. 
IDIB: This body InelMdos o saall portion of the vlng glore. 


NOIEL SCAiet O.OllO 

ERAwno roomt wo-oooi^ 

D1NERSI0V8: TOLL SCAI2 NOIEL SCAZE 

Length 645.15 25.80 

Hex Width 330.00 13.20 

NOm OOMPOlBMTt - Cip 

fomoM. jatfu^rv aojii Configuration 4 canopy and windshield as 
used vlth B2^, six glass panes In vindshleld 


NOm SCALE: 0.040 

ISAWZNQ ramS: TL70-000140B, l40C^ 202B 

BINBNSIOISt TULL SCALE 

Length (Xg • 434.643 to 670) In. 235.357 

Hex Width 

Max Depth Glass - In. 28.00 

Bose/wlndshleld intersection, » 434.643 


model SCAIE 
— iJiiL-. 


1.12 

1XJ86 
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same basic dimensions as are 
:l,own here but did not have the 
protuberances. 

All dimensions are in inches. 
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a. Protuberance Model 
Figure 2. Model Sketches 
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RCS Forts Closed 
Re/ft - lOP/ft 


b. RCS Ports 
Re/ft = 1 






RCS Ports Closed 

d. RCS Ports Open 

He/ft - 2xl0P/ft 

Be/ft - 2xlo6/ft 

Tpc ° I 310 F 

Tpc - 131»P 

Figure It'. Melt 

Lines at 25 Degrees Angle of Attack 
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Figure 3« Melt Lines 


d. RCS Ports Open 
Re/ft - 2x10° /ft 
Tpc - 131°F 

t 30 Degrees Angle of Attack 
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c. RCS Ports Closed 
Re/ft » 2xlOP/ft 
Tpc 

Figure T- Melt Lines at 4o 


RCS Ports Open 
Re/ft « 2x10° /ft 
T - 131°P 

pc 

,grees Angle of Attack 






